Cerebral autoregulation (CA) is a homeostatic mechanism that serves to maintain cerebral blood flow (CBF) constant over a wide range of perfusion pressures subject to myogenic, neurogenic and metabolic control (Paulson et al. 1990 ). Effective CA is important given the reliance of the human brain on oxygen and glucose to support the metabolic demands of neuronal activity and the need to protect brain tissue from the potentially damaging effects of hypo/hyperperfusion. Disordered CA has been documented in diverse models of cerebral vascular disease and injury, many of which have been linked to vascular cognitive impairment (Panerai, 2009 ) and ischaemic stroke (Aries et al. 2010) .
Acute exercise has the potential to compromise CA even in healthy humans, given the marked increase in pulse pressures, which often exceed values considered to represent the upper limit of CA (Ogoh et al. 2005b; Secher et al. 2008) . Furthermore, owing to the latency of CA (∼3-5 s; Aaslid et al. 1989) , the rapid fluctuations in mean arterial pressure (MAP), such as those encountered during rowing and resistance exercise, have been shown to be too brisk to be dampened effectively by the cerebrovasculature (Pott et al. 1997; Edwards et al. 2002) . In the setting of disordered CA, it is tempting to speculate that the 'exercising brain' may be less capable of buffering rapid surges in MAP and may potentially be more vulnerable to mild overperfusion and extracellular (vasogenic) oedema subsequent to mechanical disruption of the blood-brain barrier (BBB).
The impact of exercise on CA in humans remains equivocal, however, due in part to differences in intensity, duration and mode. Brys et al. (2003) were the first to apply transfer function analysis as an index of dynamic CA (dCA) during exercise; however, they failed to show any effect of moderate-intensity semi-recumbent cycling exercise [3 min increments ranging from 50 to 150 W, equivalent to heart rates (HRs) of 108-154 beats min
−1 ] on the low-frequency (LF) gain between arterial blood pressure and middle cerebral artery velocity (MCAv), implying that dCA remained intact. In contrast, Ogoh et al. (2005a) later identified that dCA became impaired during more prolonged, intense semi-recumbent cycling exercise (12-15 min at a fixed power output of 168 W, equivalent to a HR of 174 beats min −1 and after ∼27 min of continued exercise to the point of volitional exhaustion at 185 beats min −1 ) as indicated by an increase in LF gain and reduction in phase.
Emerging evidence suggests that free radicals may be involved in the metabolic regulation of dCA. In rodents, subdural perfusion with the superoxide anion (O
•−
2 ) was shown to impair dCA subsequent to activation of potassium-sensitive calcium (K Ca ) channels in cerebral vascular smooth muscle cells (Zagorac et al. 2005) . As exercise is an established stimulus for oxidative-nitrosative (OX-NOX) stress (Bailey et al. 2007) , especially during the transition from moderate to severe intensity (Fogarty et al. 2010) , it is reasonable to suggest that the impaired dCA previously observed in humans (Ogoh et al. 2005a) may prove the consequence of increased free radical formation. This is consistent with a prior suggestion that impaired dCA may arise subsequent to an efflux of (as yet unknown) metabolites into the cerebrovascular tissue caused by an increase in brain metabolism (Dalsgaard et al. 2004) .
To test this hypothesis, we examined changes in dCA during the recovery period following exercise, using transcranial Doppler ultrasound and subsequent derivation of a previously validated autoregulation index (ARI; Tiecks et al. 1995) . Electron paramagnetic resonance (EPR) spectroscopy and ozone-based chemiluminescence were employed for direct detection of spin-trapped free radicals and nitric oxide, respectively. We hypothesised that intense exercise would impair dCA, as indicated by a reduction in ARI, and that this would correlate inversely against the increase in OX-NOX stress biomarkers. We specifically employed the β-phosphorylated nitrone, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N -oxide (DEPMPO), in a first attempt to spin trap O
•− 2 in exercising humans to confirm previous findings established in the rodent model (Zagorac et al. 2005) . We further hypothesised that in the setting of disordered CA, the haemodynamic stress of exercise would increase BBB permeability, as indicated by systemic accumulation of the astrocytic BBB-specific protein S100β.
Methods

Subjects
Following ethics approval, eight physically active, healthy men aged 35 ± 7 years old (mean ± SD) provided written informed consent according to the Declaration of Helsinki. Subjects with a history of vascular disease, migraine, head injury or those taking medication that may have influenced the autonomic nervous system were excluded from participation. They were encouraged to follow a low nitrate/nitrite diet for 4 days, with specific instructions to avoid fruits, salads and cured meats (Wang et al. 1997) . Subjects were also asked to refrain from caffeine and physical activity for 2 days prior to the study.
Design
Subjects attended the laboratory following a 12 h overnight fast and rested for 20 min in a semirecumbent position. Blood samples and haemodynamic measurements were performed at baseline (rest) and following completion of a cycling test to volitional exhaustion (exercise).
Peak exercise test
Following two familiarisation sessions with the experimental set-up, each subject was seated on an electronically braked, semi-recumbent cycle ergometer (Corival; Lode BV, Groningen, The Netherlands) with the backrest maintained at 70 deg. The initial workload was set at 35 W for 5 min (70 r.p.m.) and increased by 35 W min −1 until volitional exhaustion. Each subject was instructed to signal clearly to the investigators when they considered they could continue at the specified power output for no longer than 60 s, as previously described (Bailey et al. 2000) . Cardiorespiratory and cerebrovascular recordings D. M. others Exp Physiol 96.11 pp 1196-1207 were averaged during the last 60 s of the resting period and during the last 60 s of peak exercise.
Cardiorespiratory data
Mean arterial pressure. Beat-to-beat arterial pressure waveforms were recorded continuously by finger photoplethysmography (Finometer R PRO; Finapres Medical Systems, Amsterdam, The Netherlands). Correction for vertical displacement of the finger cuff relative to heart level was achieved using a reference probe placed on the chest at the fourth intercostal space in the mid-clavicular line.
Gas exchange. Subjects wore a leak-free mask, and gas exchange was measured using a semi-automated Douglas bag system. Expired gas fractions were measured using fast responding paramagnetic O 2 and infrared CO 2 analysers (Servomex 1400 Series Analyser, Sussex, UK). The volume of expired gas was measured using a dry gas meter (Harvard Ltd, Kent, UK), and oxygen uptake (V O 2 ) and carbon dioxide output (V CO 2 ) were calculated via the Haldane equation.
Haemodynamic data
Middle cerebral artery velocity. The right middle cerebral artery was insonated using established search techniques through the temporal window ∼1 cm above the zygomatic arch at a depth of 45-58 mm with 2 MHz pulsed transcranial Doppler ultrasound (Multi-Dop X4; DWL Elektroniche Systeme GmbH, Sipplingen, Germany). Following signal optimisation, the probe was attached to the skull at a fixed angle and secured with an adjustable headset.
Cerebrovascular resistance (CVR) was calculated as MAP/MCAv and cerebrovascular conductance (CVC) as MCAv/MAP. Dynamic cerebral autoregulation. An ARI was determined using the thigh-cuff inflation-deflation technique (Aaslid et al. 1989) prior to and during the recovery period immediately following exercise. Briefly, bilateral thigh cuffs were connected to a Hokanson E20 (Bellevue, WA, USA) and inflated to 30 mmHg above the recorded systolic blood pressure for 3 min. Lower limb ischaemia was confirmed using Doppler ultrasound by a lack of blood flow in the dorsalis pedis artery. Cuffs were subsequently deflated (<0.1 s) and the process repeated three times with a 3 min inter-trial recovery period. An ARI was assigned to each of the trials (mean value recorded) following computation of a second-order linear differential equation (Tiecks et al. 1995) given by:
where dP n is the normalised change in MAP relative to the control value (MAP base ) adjusted for the estimated critical closing pressure (CCP); x2 n and x1 n are state variables (0 at baseline); mV n is modelled mean velocity; MCAv base is baseline MCAv; f is the sampling frequency (100 Hz) and n is the sample number. The mV n generated from 10 predefined combinations of parameters T (time constant), D (dampening factor) and k (dynamic autoregulatory gain) that best fit the recorded MCAv was taken as an index of dCA and ranged between 0 (entirely passive autoregulation) to 9 (most brisk autoregulation).
Metabolic data
Blood samples were obtained from a catheter located in a forearm antecubital vein following 20 min of rest in the semi-recumbent position and timed to coincide with the termination of exercise. Blood was centrifuged at 600g (4
• C) for 10 min and the supernatant immediately snapfrozen and stored under liquid nitrogen (Cryopak CP100; Taylor-Wharton, Theodore, AL, USA) prior to analysis.
Chemicals
All chemicals, including the spin trap N -tert-butyl-α-phenylnitrone (PBN), 2-hydroxypropyl-β-cyclodextrin (HBC), diethylenetriaminepentaacetic acid (DTPA), ferric chloride (FeCl 3 ), ferrous sulfate (FeSO 4 ) and hydrogen peroxide (H 2 O 2 ) were of the highest available purity from Sigma-Aldrich R (UK). The spin trap DEPMPO was synthesised and purified according to published methods (Fréjaville et al. 1995; Barbati et al. 1999) .
Free radical detection and oxidative stress
General. Electron paramagnetic resonance spectra were recorded at X-band (∼9.8 GHz) using either a Bruker (Karlsruhe, Germany) ESP 300 (DEPMPO studies) or EMX (Karlsruhe, Germany) spectrometer (other studies) using 100 kHz modulation frequency, 10 mW microwave power and standard TM 110 cavities unless otherwise noted. 
Ex vivo spin trapping in blood (DEPMPO).
Heparinised whole blood samples (1 ml) drawn at the end of rest and exercise periods (defined in 'Metabolic data') were placed into 2 ml cryovial tubes prefilled with a mixture of (final concentration) 0.2 mM DTPA, 80 mM HBC, 40 mM PBS and 0.5 ml of aqueous DEPMPO (0.1 M) and immediately frozen in liquid N 2 . The EPR acquisition was initiated 1 min after complete thawing in the conditions described above except that RG was 1.6 × 10 5 .
Ex vivo spin trapping in blood (PBN). Aliquots (4.5 ml) of whole blood were added to a 6 ml glass vacutainer serum separation tube primed with 1.5 ml of PBN dissolved in physiological saline (50 mM final concentration). The vacutainer was gently mixed then placed in the dark to clot for 10 min. Following centrifugation, 1 ml of the serum adduct was added to a borosilicate glass tube containing 1 ml of spectroscopic-grade toluene and vortex mixed for 10 s. The sample was centrifuged at 600g for a further 10 min and 200 μl of the organic supernatant added to a (N 2 -flushed) precision-bore quartz EPR tube, vacuum degassed to remove O 2 , and blocks of 10 incremental EPR scans were recorded using the following parameters: R, 2048 points; MP, 20 mW; MA, 0.50 G; RG, 1 × 10 5 ; TC, 82 ms; SR, 0.4 G s −1 for SW, 50 G (Bailey et al. 2009c) .
Ascorbate radical (A •− ). Plasma (1 ml) from blood samples collected as described above was injected into a high-sensitivity multiple-bore sample cell (AquaX; Bruker Instruments Inc., Billerica, MA, USA), and the characteristic A
•− EPR doublet (hydrogen coupling constant, a H β = 1.76 G, see structure in Electron paramagnetic resonance spectra were used as is (DEPMPO adducts) or filtered identically using Bruker WinEPR 2.11 and then simulated with Bruker (BioSpin, Bruker UK Limited, Coventry, UK), SimFonia, WinSim (Duling, 1994) , ROKI (Rockenbauer & Korecz, 1996) or SimEPR32 software (Adamski et al. 2003) for A •− , DEPMPO and PBN adducts, respectively. Relative free radical concentrations were calculated by double integration of simulated (DEPMPO adducts) or filtered spectra using the ROKI or Origin 5.0 software, respectively. The intra-and interassay coefficients of variation for all assays were both <10%.
Oxidation of low-density lipoprotein (LDL). Low-density lipoprotein was isolated by rapid ultracentrifugation and purified by size-exclusion chromatography (McDowell et al. 1995) . The protein concentration was standardised to 50 mg L −1 , and oxidation was initiated following addition of copper II chloride (2 μmol final concentration) at 37
• C. Conjugated diene formation was monitored spectrophotometrically in triplicate by the change in absorbance at 234 nm using a 96-well microplate reader (Spectromax 190; Molecular Devices Corp., Sunnyvale, CA, USA). The time at half-maximal absorbance of the propagation phase (time 1 / 2 max, in minutes) was taken as a marker of the susceptibility of LDL to oxidation. The intra-and interassay coefficients of variation were <3 and <5%, respectively.
Antioxidants
For ascorbic acid measurements, plasma was stabilised and deproteinated by adding 900 μl of 5% metaphosphoric acid (Sigma-Aldrich, Gillingham, UK) to 100 μl K-EDTA plasma. Ascorbic acid was subsequently assayed by fluorimetry based on the condensation of dehydroascorbic acid with 1,2-phenylenediamine (Vuilleumier & Keck, 1993) . Concentrations of α/γ-tocopherol, α/β-carotene, retinol, lycopene, zexanthin, β-cryptoxanthin and lutein were determined using an HPLC method (Catignani & Bieri, 1983; Thurnham et al. 1988) . The intra and interassay coefficients of variation were both <5%.
Nitrosative stress
Nitric oxide. Plasma NO metabolites were measured by ozone-based chemiluminescence (Bailey et al. 2009b,c 1998). A separate sample (200 μl) was injected into triiodide reagent (Hausladen et al. 2007; Rogers et al. 2007) for the measurement of NO 2 − and RSNO, and 5% acidified sulphanilamide was added and left to incubate in the dark at 21
• C for 15 min to remove NO 2 − for the measurement of RSNO in a third parallel sample. Plasma NO 3 − was calculated as total NO minus (NO 2 − + RSNO). All calculations were performed using Origin/Peak Analysis software (Northampton, MA, USA). The intra-and interassay interassay coefficients of variation for all NO metabolites were 7 and 10%, respectively.
3-Nitrotyrosine (3-NT). Plasma 3-NT was measured by ELISA (Hycult Biotechnology, b.v., Uden, The Netherlands), with a lower detection limit of 2 nM and intra-and interassay interassay coefficients of variation of <2 and <5%, respectively. 
Structural stress
S100β and neuron-specific enolase (NSE). The serum concentrations of S100β and NSE were measured by ELISA (S100β, BioVendor Candler, NC, USA; NSE, CanAg Fujirebio Diagnostics Inc, Malvern, PA, USA). The lower detection limits were 5 ng l −1 and <1 μg l −1 , respectively, with intra-and interassay coefficients of variation both <5% for S100β and NSE.
Blood gases
Venous blood (2-3 ml) was presented anaerobically to a blood gas analyser (ABL 5; Radiometer, Copenhagen, Denmark) for determination of P O 2 and P CO 2 . The intraand interassay coefficients of variation were both <5%.
Statistical analysis
Following confirmation of distribution normality using Shapiro-Wilk W tests, data were analysed using Student's paired t tests and relationships determined with Pearson product-moment correlations. Significance was established at P < 0.05, and data are expressed as means ± SD.
Results
Cardiorespiratory and cerebrovascular data
Exhaustion occurred within 8.5 ± 1.3 min during the peak exercise test. Exercise did not increase MCAv, which was probably due to hyperventilation-induced hypocapnia as indicated by the reduction in venous P CO 2 (Table 1) . In combination with an exercise-induced increase in MAP, this translated into an increased CVR and decreased CVC. A mild reduction in ARI was observed during the recovery period following exercise, indicative of impaired dCA (Fig. 1) .
Metabolic data
Effect of HBC on the in vitro formation of DEPMPO-OH.
Excess HBC was originally included in the DEPMPOsupplemented spin-trapping milieu in an attempt to protect nitroxide spin adducts from reduction into EPR-silent species due to the action of blood and/or plasma constituents such as ascorbate, glutathione or α-tocopherol. Although HBC has been shown to form inclusion complexes with the DEPMPO/O
•− 2 adduct (DEPMPO-OOH), leading to a significant increase in its half-life in the presence of ascorbate in vitro (Karoui et al. 2002) , no data were previously available related to its effect on DEPMPO-OH.
In a DEPMPO-supplemented biological system, DEPMPO-OH may be formed by the following routes: (i) reduction of DEPMPO-OOH (e.g. by thiols or enzymes such as glutathione peroxidase); (ii) genuine trapping of HO . (e.g. formed by a Fenton system); or (iii) nucleophilic synthesis (NS) via metal ion-catalysed addition of water to the nitronyl function (Fréjaville et al. 1995) . In control experiments, both a Fenton reaction (Fe 2+ + H 2 O 2 ) or Fe 3+ -assisted nucleophilic synthesis in PBS or water, respectively, yielded DEPMPO-OH, the EPR signal of which consists of eight lines, as shown in Fig. 2A . These EPR spectra were satisfactorily (r 2 > 0.99) simulated assuming superimposition of the cis (hyperfine coupling constants: a N (Nitrogen) = 13.95 G; a P (Phosphorous) = 47.45 G; and a H β (Hydrogen) = 14.47 G) and trans diastereoisomers (a N = 14.05 G; a P = 47.30 G; and a H β = 12.77 G; Culcasi et al. 2006b ). Over a 20 min observation period at room temperature, the mean cis-versus trans-DEPMPO-OH percentage was constantly higher in the NS (48%) than in the Fenton system (34%). Addition of excess HBC in the milieu before DEPMPO-OH formation was triggered did not modify the difference in the cis versus trans isomer ratios (i.e. 33 and 41% in the Fenton and NS, respectively) but caused a ∼4.4-fold decrease in the total Fenton-, but not in NS-derived EPR signal intensity. Moreover, in the (Fenton + HBC) experiment, additional signals consistent with the scavenging of two carboncentred radicals [DEPMPO-R; a N = 14.39 G (14.71%); a P = 46.45 G (48.98%); and a H β = 20.76 G (21.36%)] were observed, accounting for 34-40% of the overall trapped species (Fig. 2A) . Though this implies a strong interaction of HO . with HBC, preformed DEPMPO-OH in PBS vanished instantaneously following addition of a few drops of whole human blood (not shown), confirming that the initial presence of HBC is a prerequisite for signal detection (Karoui et al. 2002) .
Electron paramagnetic resonance and biochemical evidence of exercise-induced oxidative stress (Table 2).
Exercise resulted in a ∼1.5-fold increase in A
•− (Fig. 2B ). In DEPMPO + HBC experiments, blood samples that were paramagnetic (i.e. six of the eight subjects) contained either a single component consistent with a DEPMPO-R adduct (in two of six subjects), the calculated couplings of which (a N = 14.80 G; a P = 47.90 G; and a H β = 21.40 G) were different from that of the in vitro experiments described above, or mixtures of DEPMPO-OH and 16-38% of a signal attributed to the reduced form of DEPMPO [DEPMPO-H; a N = 14.5 G; a P = 55.5 G; and a H β = 16.0 G]. Figure 2C shows typical DEPMPOderived signals for subjects 5 and 7. In DEPMPO-OH-containing blood samples, the cis-DEPMPO-OH proportion ranged between 30 and 36%, compatible with a Fenton-like mechanism (see above). Despite one of the six subjects showing DEPMPO adducts in his blood sample at rest, the overall mean total spin adduct levels increased markedly following exercise (P < 0.05; n = 8). In the ex vivo experiments with PBN, EPR sextets from toluene-extracted blood samples, satisfactorily simulated assuming alkoxyl spin adducts (PBN-RO : a N = 13.6 G; and a H β = 1.9 G), were observed in all blood samples (Fig. 2D) , with a mean approximately twofold increase postexercise. Exercise also decreased LDL lag time, and the exercise-induced increase in oxidant biomarkers correlated directly against the reduction in ARI (Fig. 3A-C) .
Antioxidants. Exercise did not alter the venous concentration of ascorbate or any of the lipid soluble antioxidants (data not shown).
Nitrosative stress. While exercise did not alter total NO, NO 3 − or NO 2 − , an increase in RSNO and 3-NT was observed, the latter correlating against the reduction in ARI (r = -0.81, P < 0.05).
Structural stress. Exercise did not affect NSE, whereas S100β increased, correlating against the reduction in ARI (Fig. 3D ).
Discussion
Consistent with our original hypotheses, the present study has revealed two major findings. First, exercise increased OX-NOX stress, which correlated directly against the degree of impairment in dCA during the postexercise recovery period. Second, impaired dCA was associated with an increased formation of S100β that, when combined with a lack of change in NSE, was taken to reflect disruption of the BBB independent of structural tissue damage. In combination, these findings suggest that intense exercise has the potential to increase BBB permeability subsequent to a free radical-mediated impairment in dCA.
Oxidative-nitrosative stress
We specifically employed EPR spectroscopy because it represents the most direct, specific and sensitive analytical technique for the molecular detection and subsequent characterisation of free radicals sine qua non. Given that the concentration of ascorbate in human plasma is orders of magnitude greater than any oxidising free radical, combined with the low one-electron reduction potential (E o = 282 mV) associated with the A
•− /ascorbate monanion (AH − ) couple (Williams & Yandell, 1982) , any radical generated within the systemic circulation has the potential to react endogenously with , typical signals with their respective intensities in aqueous medium recorded 1 min after running a nucleophilic synthesis (NS) or HBC-assisted Fenton reaction, and their computer simulations demonstrating a relative cis-versus trans-DEPMPO-OH proportion of 47 and 34% in NS and Fenton conditions, respectively, and the additional presence in the Fenton experiment of two HBC-derived DEPMPO alkyl adducts (some non-composite lines indicated by arrows) accounting for 34% of the total signal. B, ascorbate radical (A •− ) structure and signal directly recorded in blood samples from subject 1. C, HBC-assisted DEPMPO spin adducts observed in the blood from two subjects, showing major formation of either DEPMPO-OH (84% of the signal, with 30.2% cis isomer proportion; other component DEPMPO-H; subject 7; outer lines indicated by arrows) or only DEPMPO-R (subject 5); magnification of exercise versus corresponding rest signals is also indicated. D, general principle of the formation of N-tert-butyl-α-phenylnitrone (PBN)/alkoxyl radical (RO . ) spin adduct and signal observed in blood samples from subject 1. Details on sampling protocol, spectral recording conditions and splitting parameters used for simulations are indicated in the Methods and Results.
this terminal small-molecule antioxidant to form the distinctive A
• (Buettner, 1993) . Thus, the elevation in A
•− provides direct evidence for an increased systemic accumulation of free radicals in response to intense exercise, which is in broad agreement with the literature (Powers & Jackson, 2008) .
We followed this up with spin trapping in an attempt to characterise the individual free radical species formed during exercise. The synthetic spin trap DEPMPO is recognised as one of the most effective O
•− 2 EPR reporters based on the increased stability of the corresponding DEPMPO-OOH adduct in buffers compared with the traditional spin trap of choice, 5,5-dimethyl-1-pyrroline N -oxide (Fréjaville et al. 1995) . However, despite optimising our potential to trap O •− 2 in human blood by adding HBC to the sampling mixture, we consistently failed to detect DEPMPO-OOH, which yields distinctive, highly distorted EPR lines due to its partial insertion within the cyclodextrin cavity (Karoui et al. 2002) .
This does not exclude the possibility of exerciseinduced O
•− 2 formation; rather, it highlights the need to improve detection sensitivity further, given the unavoidable limitations posed by human spin trapping, which ultimately relies on the ex vivo detection, in such a highly reductive milieu as blood, of species formed clearly downstream of the primary reaction pathway that we assume reflects spontaneous events that occur in vivo. In support, the increased formation of 3-NT, a surrogate biomarker of peroxynitrite (ONOO − ; Pacher et al. 2007 ) and tendency towards a reduction in the plasma NO pool, provides tentative evidence for O In contrast, most HBC-supplemented samples obtained postexercise contained DEPMPO-OH signals, the cis/trans diastereoisomeric analysis (Culcasi et al. 2006b ) of which indicated a Fenton pathway rather than a free radicalindependent degradation of the spin trap. In our sampling protocol for EPR analysis (i.e. blood was in contact with the DEPMPO + HBC solution for less than 1 min before freezing), the possibility that DEPMPO-OH was formed by conversion of primary DEPMPO-OOH by glutathione peroxidase is unlikely. First, HBC encapsulation of the O
•− 2 adduct offers almost complete protection against enzymatic reduction, with visible DEPMPO-OH evolving only after a ∼40 min delay (Karoui et al. 2002) . Second, the reported mean cis-DEPMPO-OH ratio for this reaction in vitro (Culcasi et al. 2006b ) is much lower than the value reported in our study. Additional control studies employing competitive inhibitors (e.g. DMSO, ethanol, catalase and a mixture of nitrones that react at different rates with HO
• ) are warranted to confirm unequivocally the trapping of authentic HO
• . The finding of minor EPR signals in exercise samples attributable to DEPMPO-H is intriguing, given that this adduct typically arises following reaction of DEPMPO with either inorganic one-electron donors or mild oxidants (Barbati et al. 1999; Gosset et al. 2011) . A previous study reported this particular DEPMPO adduct to be formed together with DEPMPO-OH upon activation of NADPH oxidase (a known cellular source of O
•−
2 ) of sodium sulfite-treated rat lymphocytes, or in a peroxidise-H 2 O 2 -sulfite pseudo-Fenton system (Chamulitrat, 1999) .
The above hypothesis of exercise-induced HO
• formation is mirrored by the detection of increased LDL oxidation and PBN-RO formation. For these latter spin adducts, calculated EPR parameters matched those assigned to lipid-derived alkoxyl radicals (LO • ) found in toluene extracts of PBN added to blood during open-heart surgery (Tortolani et al. 1993 ) and during exercise (Bailey et al. 2004) .
Being highly reactive in vivo (lifetime of only 1 ns; von Sonntag, 1987) , HO
• is the most oxidising radical likely to be formed within the exercising human circulation (E o ' = 2,310 mV; Koppenol & Butler, 1985) . The mechanisms that promote HO
• formation remain unclear, although they may involve catalytic ferrous iron (Fe 2+ ) liberated during exercise-induced activation of polymorphonuclear leukocytes, metabolic acidosis or structural damage to membrane proteins (Bailey et al. 2004 (Jenkins et al. 1993; Childs et al. 2001) , and iron chelation therapy has been shown to provide effective prophylaxis (Smith et al. 1989) . Alternatively, decomposition of protonated ONOO − (Pou et al. 1995) subsequent to the oxidative inactivation of NO cannot be excluded as an alternative source of DEPMPO-OH, given the exercise-induced increase in 3-NT. It should be noted, however, that when DEPMPO-OH results from NO-based chemistry the cis adduct ratio is far lower (i.e. ∼10%; Culcasi et al. 2006a) than that reported here.
Instead of DEPMPO-OH, postexercise samples from two subjects contained only weak DEPMPO-R signals where the trapped species is probably not an HBC radical fragment, but may represent a lipid carbon-centred radical (LC • ). This may be a short-chain radical, such as the ethyl or pentyl species formed during β-scission of LO
• (Gardner, 1989) , the primary species trapped by PBN. This is consistent with our previous exercise studies, where low levels of PBN-LC • were detected, and we have suggested that these radicals may have evolved during the metal-catalysed reductive decomposition of lipid hydroperoxides (LOOH) formed subsequent to free radical-mediated damage to membrane phospholipids Bailey et al. 2004 Bailey et al. , 2007 Bailey et al. , 2010 . Though clearly downstream of the primary reaction pathway, these second-generation radicals are still eminently capable of initiating lipid peroxidation ( E o ' ≈ +1000-1300 mV versus PUFA-H/PUFA-OOH; Buettner, 1993) . Considering the very low stability of PBN-HO
• adduct versus DEPMPO-OH in aqueous media (Janzen et al. 1992) combined with the greater ability of PBN to scavenge free radicals in a lipidic environment (PBN is ∼90 times more lipophilic than DEPMPO; Gosset et al. 2011) , our study illustrates that the combination of DEPMPO (+HBC) and PBN spin traps can be utilised to provide unique complementary insight into the mechanisms underlying exercise-induced oxidative stress.
We recently documented a positive relationship between the systemic accumulation of A
•− and increase in low frequency transfer gain (impaired dCA) in volunteers exposed to hypoxia (Bailey et al. 2009b ). The present study extends these findings to the exercising humans, but we acknowledge the limitations associated with ARI (as is arguably the case with other measures) as an index of dCA (Willie et al. 2011 ) and the unavoidable time delay because measurements had to be performed during the postexercise recovery period. Precisely why OX-NOX stress impaired dCA remains to be established, given that the combined effects of (presumed) sympathetic activation and hyperventilationinduced hypocapnia would have been expected to improve dCA (Levine et al. 1994; Panerai et al. 1999) , and the lack of change in MCAv, despite its acknowledged limitations (Willie et al. 2011) , argues against a corresponding increase in CBF.
Redox regulation of dCA and BBB function
While not disassociating cause from effect, the relationships observed between the various spin adducts and ARI tentatively suggest a direct role for free radicals.
In support of this, Zagorac et al. (2005) identified that superfusion of the rodent brain with O
•− 2 impaired dCA subsequent to activation of K Ca channels in cerebral vascular smooth muscle cells. The conflicting reports of Brys et al. (2003;  intact dCA during moderate exercise) and Ogoh et al. (2005a;  impaired dCA during intense exercise) may therefore be explained by differences in the magnitude of the OX-NOX stress response, which is known to increase with exercise intensity (Fogarty et al. 2010) , implying that an as of yet undefined 'threshold' may exist before dCA becomes impaired. It would seem unlikely that the oxidative inactivation and subsequent reduction in the vascular bioavailability of NO (confirmed by the increase in 3-NT) played a significant role as has previously been suggested (White et al. 2000) , given that the systemic NO metabolite pool was largely preserved and the recent observation that NO synthase blockade did not affect dCA in humans (Zhang et al. 2004) .
Release of the astrocytic protein S100β to the systemic circulation correlates directly with the extent and temporal sequence of BBB opening, as confirmed by contrastenhanced magnetic resonance imaging, and is thus considered a reliable blood-borne biomarker of barrier integrity . We combined this with the measurement of NSE, which is found almost exclusively in neuronal cell bodies, axons and neuroendocrine cells (Schmechel et al. 1978) , to distinguish potential BBB 'leak' from neuronal-parenchymal 'damage' . The observed rise in S100β and lack of change in NSE in the present study therefore suggest that exercise increased BBB permeability without causing structural brain tissue injury, though we cannot dismiss potential contamination from 'extracerebral' sources, such as adipose and skeletal tissue (Zimmer et al. 1995) . However, the inverse relationship observed between S100β and ARI suggests that the increase in S100β is authentic (i.e. BBB related), in that impaired dCA may have preceded BBB disruption, which is conceivable, given that intense exercise can increase systolic blood pressure beyond the autoregulatory range in the brain. Given the complications associated with the interpretation of S100β during exercise (Hasselblatt et al. 2004) , followup studies employing gadolinium-enhanced diffusionweighted magnetic resonance imaging are warranted to quantify the extent of barrier disruption more accurately and to determine whether this is accompanied by vasogenic oedema. Such oedema would be expected to promote an O 2 diffusion limitation, which may pose a central limitation to maximal exercise performance by inhibiting cortical activation of efferent motor neurons (Amann et al. 2006) .
In conclusion, the present findings suggest that an acute bout of maximal exercise has the potential to increase BBB permeability subsequent to a free radicalmediated impairment in dCA, which persists into the recovery period. What health implications this poses in the long term remain unclear, though recent evidence suggests that the cerebral formation of free radicals and BBB disruption may represent adaptive stress responses (Bailey et al. 2009a . Future studies incorporating the targeted delivery of antioxidants to the human brain combined with transfer function analysis to assess dCA 'real time' during the exercise challenge will ultimately confirm whether these events are indeed subject to redox regulation.
